We show a novel method for controlling the coupling of flux-based qubits by means of a superconducting transformer with variable flux transfer function. The device is realized by inserting a small hysteretic dc SQUID with unshunted junctions, working as a Josephson junction with fluxcontrolled critical current, in parallel to a superconducting transformer; by varying the magnetic flux coupled to the dc-SQUID, the transfer function for the flux coupled to the transformer can be varied. Measurements carried out on a prototype at 4.2 K show a reduction factor of about 30 between the "on" and the "off" states. We discuss the system characteristics and the experimental results.
imentally demonstrated. Flux [1, 2] , phase [3, 4] and phase-charge [5] qubits have been operated as single devices, while charge state qubits have also been used in an entangled couple, showing quantum-coherent behavior [6] and operation as a conditional gate [7] . In the implementation of a system of entangled qubits, one of the challenges is the realization of a connection between different qubits that fulfills the various constraints imposed by the correct qubit operation. The connection should be non dissipative, otherwise the fluctuations related to its dissipation will destroy the coherent state of the connected qubits; this forbids the use of resistive elements or elements that are dissipative even for a short period of time. It should allow a fast switching, namely its switching time should be much faster than the time related to the clock period. It should be simple and reliable, to be integrable with a large numbers of qubits, and the related implementation should be a well-established technology with a very high degree of reliability. Besides, the coupling strength of the connection should be varied from outside, allowing to turn the coupling on and off whenever needed; it must be noted that a scheme with untunable couplings has been proposed [8] but not yet implemented in practical realizations.
In order to couple flux qubits, it comes natural to use superconducting transformers. Two schemes for achieving coupling control have been presented recently. In the INSQUID [9] , which was originally ideated for readout, the flux qubit is placed inside the dc-SQUID of a double-SQUID. The tunable transformer of ref. [10] , instead, is conceived for gradiometric flux qubits like that of ref. [1] and is based on the balancing of a gradiometric transformer by means of two small dc-SQUIDs inserted in the transformer branches.
In this letter we propose a Controllable Flux Coupling (CFC) system, suitable for the connection of one or more flux qubits. The CFC basic idea is to use a superconducting flux transformer, modified with the insertion of a small hysteretic dc SQUID that behaves as a Josephson junction with tunable critical current. By modulating the SQUID critical current by means of an external magnetic field, it is possible to control the flux transfer function through the transformer and therefore the coupling. Compared to other proposed schemes, the CFC has the advantage of being easily coupled to a flux qubit through inductively coupled coils, without requiring a particular geometry for the qubit to be read out.
Our variable transformer (Fig. 1) consists of two arms of inductance L, in parallel with a dc-SQUID that performs the control of the magnetic flux transfer. The inner dc-SQUID is a We introduce new coordinates given by linear combinations of the fluxes,
is the flux quantum; the corresponding reduced driving fluxes are ϕ x = −πΦ 1x /Φ 0 and ϕ cx = 2πΦ cx /Φ 0 . With these coordinates, the 2D potential describing the system dynamics can be written as follows:
where
reduced inductance, with twice the critical current I 0 because of the two junctions in the dc-SQUID, and γ = L 0 /l. Eq.1 has the same form of the potential for a double SQUID [11] , with parameters that take into account the gradiometric structure of the device. In the limit for an inner dc-SQUID with a vanishingly small inductance like in our case, i.e. γ >> 1, the degree of freedom related to ϕ c is frozen and restrained to an equilibrium value ϕ c ≃ ϕ cx , so that the potential becomes a 1D curve in the remaining coordinate ϕ:
. This is equivalent to the potential of an ordinary rf-SQUID, but here the critical current can be modulated by the external flux Φ cx linked to the loop of the inner dc-SQUID and the role of reduced inductance is played by the quantity β that is not restrained to assume only positive values. By deriving eq. 2 with respect to ϕ and setting the derivative to zero, we find the relationship linking ϕ and the excitation ϕ x to find the extremal points:
For |β| ≤ 1 the relation is single-valued and the potential presents just one minimum, while for |β| > 1 the relation is multi-valued, with more minima separated by potential barriers.
An input signal centered around ϕ x = 0, with amplitude smaller than a flux quantum, causes a monotonic and single-valued flux response ϕ, whose amplitude depends on the control parameter ϕ cx . In a sufficiently small region this response is linear and hence the system behaves as a linear controllable transformer. In this regime the overall transfer parameter R, namely which part of the input magnetic flux is transmitted to the output, is
given by the slope of the flux characteristics at the flex point ϕ x = 0. By returning to the quantities Φ 1x (flux coupled to the left arm of the transformer), Φ 2 (transformer response flux) and Φ cx (flux coupled to the inner dc-SQUID), one can write:
This modulation of the overall transfer parameter R, achieved acting on the flux Φ cx , is the feature that we exploit to obtain a tunable transformer: while keeping the flux working point around zero, the potential is changed in such a way to change the shape of the char-acteristics and operate between two points with very different responsivity (the "on" and the "off" states). During operation, the system is kept in the same potential well, avoiding sudden dissipative jumps of the system to other minima; besides, the potential change must be fast but still adiabatic. This last requirement represents the main limit on the operating speed of the CFC system; for our test device one can extimate this limit from the plasma inner dc-SQUID. Let's now discuss how the variable transformer works. The "off" state, where the transfer ratio is minimum, is easily identified with the state where the effective reduced inductance is maximum, that is R min = 1/(1 + β 0 ); to get a small flux transfer, then, the device must be highly hysteretic (large β 0 ). In this condition the slope of the flux characteristic is almost horizontal and a large amount of input flux Φ 1x can be fed while keeping the device in the same flux state; this curve is not shown in Fig. 2 . By increasing the control flux to Φ 0 /2, one gets R ≃ 1, and the input flux is totally transmitted to the output; however this is not the steepest possible slope, since by further increasing Φ cx one gets β tending to −1 and a diverging R. Excluding the non-physical point β = −1, we can then increase the transfer ratio R beyond unity. Two considerations must be done at this point. measurement and extends the usable range of the input signals. As a matter of fact, choosing the working points for "off" and "on" states is best achieved experimentally, according to the specific requirements of the experiment and to the signal characteristics that must be preserved.
To test the performance of the transformer, we sent a sinusoidal signal to the left side of the transformer and measured the output from the readout dc-SQUID while modulating the inner dc-SQUID with a square wave between the points of maximum and minimum transfer ratio, chosen experimentally.
The resulting modulation is shown in Fig. 4 .The measured efficiency, the maximum ratio between the "on" and the "off" transmission, is about 30, in agreement with the data of Fig. 4 . For this situation, the measured range in which the response is linear corresponds a peak-to-peak input flux of 0.1Φ 0 . If the linear range is exceeded, the efficiency in the flux modulation decreases but operation is still possible. As an example, for an input flux of 0.3Φ 0 peak-to-peak the measured ratio between the "on" and the "off" transmission is about 14.
CFC systems can be integrated together with the SQUID flux qubits, since they are based on the same technology, and can be used to control the couplings between them. They can also be also used to realize a bus for the controlled coupling of more qubits, for example by using the scheme shown in Fig. 5 ; in this example a pair of qubits can be coupled by switching "on" the relative "switches", and by maintaining all the others in the "off" state (this scheme is similar to that proposed in [13] ). Since the CFC remains always in the superconducting state without jumps to a dissipative state, the only contribution to the overall decoherence is due to the device intrinsic dissipation and to the enviromental noise pick-up. This means that the total contribution to decoherence should be of the same order of the qubit contribution, since they are very similar for technology, dimensions, components and structure.
In conclusion, we have realized and tested a microfabricated SQUID based controllable flux coupling, useful in any application in which it is necessary to modify the magnetic coupling between different devices, and in particular suitable for quantum computing applications with flux qubits.
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